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ABSTRACT  AND  CONCLUSION 


The  results  of  a study  which  was  originated  in  order  to  provide 
fundamental  knowledge  of  the  emission  mechanism  for  SnC>2  cold  electron 
emitters  are  reported.  Instead  of  satisfactorily  completing  that  ob- 
ject, this  work  has  brought  into  focus  the  fact  that  reports  of  prac- 
tically important  cold  emission  from  such  devices  is  based  on  a limited 
number  of  cathodes  and  that  it  has  been  impossible  to  reproduce  these 
cathodes.  As  a result,  no  such  cathodes  were  made  available  for  study 
under  this  program.  Thus,  the  major  finding  of  this  work  is  that  SnC>2 
(or  closely  related  In-Sn-Oxide)  cold  cathodes  with  large  emission  cur- 
rents are  anomalies  which  can  not  be  reproduced  at  will.  Further,  it 
is  apparent  that  only  if  a major  and  extremely  well  thought  out  and  ex- 
pensive program  is  undertaken  can  substantial  hope  be  given  to  produc- 
ing such  practical  cathodes.  It  is  not  apparent  to  the  present  workers 
that  such  a program  would  be  a good  investment.  Before  that  decision 
can  be  made,  some  essential  groundwork  should  be  done  to  determine  if 
these  cathodes  can  be  economically  incorporated  into  existing  devices. 
Measurements  of  the  spatial  and  energy  spread  of  emitted  electrons 
should  have  a high  priority. 

Despite  the  fact  that  a good  emitter  was  never  delivered  to  us,  we 
studied  structures  such  as  those  reported  to  have  given  good  emission 
(some  of  which  we  fabricated)  in  order  to  gain  insight  into  the  emis- 
sion and  activation  process.  Considerable  detailed  data  was  obtained 
and  a tentative  model,  closely  related  to  those  suggested  previously, 
was  developed.  This  model  is  based  on  the  detailed  analysis  of  the 
activated  region  obtained  by  the  use  of  Auger  electron  spectroscopy 
with  high  spatial  resolution. 
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I.  INTRODUCTION 


Hot  cathodes  have  generally  been  used  as  electron  emitters  in 
vacuum  technology;  however,  thermal  effects,  chemical  interactions  with 
the  hot  cathode,  evolution  of  positive  ions,  etc.  make  them  unattrac- 
tive emitters  for  many  device  applications.  For  these  cases  a suitable 
cold-cathode  is  desired. 

The  possibility  that  strong  cold-cathode  emission  could  be  obtained 

from  suitably  prepared  tin  dioxide  (SnO  ) films  was  first  reported  by 

1 

Russian  workers  (Elinson  et  al)  in  1964.  This  work  was  encouraging 
because  electron  emission  currents,  I , were  large  (~1  mA)  and  highly 
efficient  at  low  voltages  (>10  V)  and  because  the  Sn02  surface  was  chem- 
ically stable  (i.e.,  as  compared  to  cesium-activated  surfaces).  The  ma- 
jor goai  of  our  research  program  has  been  to  understand  the  emission 
properties  of  cold -cathodes  employing  Sn02  and  to  thereby  provide  guid- 
ance in  the  technical  development  and  evaluation  of  practical  cold-cath- 
ode devices.  For  reasons  which  will  be  discussed  later,  considerable 
effort  was  directed  not  only  at  Sn02  but  at  cold -cathodes  employing 
*n2°3 A>n°2 ’ i.e.,  indium-tin-oxide  (ITO)  films. 

II.  PHOTOEMISSION  STUDIES  OF  Sn , Sn02>  AND  Sn  +0,, 

Ultraviolet  photoemission  studies  of  SnO,,  films  prepared  by  chemi- 
cal vapor  deposition  (CVD)  at  Beta  Industries  were  carried  out.  Elec- 
tronic properties  of  these  CVD-SnO„  films  have  already  been  reported  in 

^ 3 

a previous  technical  report  (Semi-Annual  Report  of  March  31,  1975)  and 
will  not  be  repeated  here.  Beta  Industries  had  reported  that  identi- 
cally prepared  CVD-Sn02  films,  when  suitably  patterned  and  activated, 
gave  cold -cathode  emission  in  agreement  with  Refs.  1 and  2.  In  addition 
to  studies  we  have  made  on  these  films,  both  Sn  and  SnO,,  films  prepared 
at  Stanford  by  the  evaporation  of  Sn  and  its  subsequent  oxidation  were 
studied  using  photoemission.  In  summary,  the  quantum  yield  of  Sn  with 
exposures  of  as  much  as  4000  L oxygen  (1  L = 1 Langmuir  = 10  torr-sec) 
differs  only  slightly  from  that  of  the  clean  metal.  The  electron  affin- 
ity, E^,  remained  constant  with  exposure  to  O,,  at  -4.3  eV.  The  energy 
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distribution  of  photoemitted  electrons  (EDCs)  from  Sn  with  increasing 
exposure  to  oxygen  above  ~ 20  L are  characterized  by  the  growth  of  two 
peaks  which  were  not  present  in  the  EDCs  for  the  clean  metal,  located 
2.9  and  4.8  eV  below  the  Fermi  level.  We  have  associated  this  struc- 
ture with  the  presence  of  Sn02 . No  sharp  resonance  which  could  be  as- 
sociated with  adsorbed  oxygen  was  seen.  Uniformly  reduced  emission 
from  metallic  Sn  states  and  a Fermi  level  as  sharp  as  for  the  clean 
metal  is  observed  in  the  EDCs  at  all  oxygen  exposures.  In  addition, 
no  change  in  work  function  with  oxygen  exposure  was  detected.  The 
effects  of  oxygen  saturate  for  exposures  >4000  L.  We  have  suggested 
that,  under  the  conditions  used  in  this  experiment,  the  oxygen  pene- 
trates beneath  the  surface  forming  SnO^  and  leaving  metallic  Sn  on  the 

surface.  These  results  are  discussed  in  detail  in  our  paper  in  Surface 

4 

Science  55,  681  (1976). 

III.  COLD-CATHODES  BASED  ON  ITO 

Having  completed  the  above  background  studies  to  characterize  Sn , 
Sn02 , and  the  interaction  of  Sn  and  02 , we  prepared  instrumentation  to 
study  cold-cathode  emission  from  SnC>2  films.  This  phase  of  our  research 
was  undertaken  with  the  understanding  that  Beta  Industries  would  supply 
us  with  suitably  emitting  Sn02  films.  This  was  not  done,  frustrating 
our  efforts  to  develop  a basic  understanding  of  the  cold-cathode  emis- 
sion mechanism  in  such  films  and  to  perform  critical  experiments  such 
as  a measurement  of  the  energy  distribution  of  emitted  electrons,  N(E). 
Too  large  a spread  in  energy  of  the  emitted  electrons,  for  example, 
could  rule  out  the  use  of  SnO  -based  cold-cathodes  for  certain  device 
applications.  Elinson  et  al  have  suggested  that  a critical  experiment 
in  understanding  the  process  of  electron  emission  from  SnC>2  would  be  a 
determination  of  the  electron  affinity,  E^.  We  have  obtained  values 
of  E 3 4.5  eV  for  the  CVD-SnO  samples  studied  from  Beta  Industries. 

A « 

No  data  on  changes  in  E^  following  the  activation  process  were  taken 

since  suitably  activated  samples  could  not  be  obtained.  The  model  we 

3 

had  earlier  proposed  for  cold-cathode  emission  suggests  that  EA  is 
lowered  following  activation. 
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It  became  apparent  in  late  summer  of  1975  that  Beta  could  not  sup- 
ply our  need  for  samples  and,  in  fact,  Beta's  contract  was  terminated 
in  December  1975.  Since  no  possibility  of  obtaining  the  expected  SnO., 
emitters  remained,  we  directed  our  attention  to  ITO.  There  were  sever- 
al reasons  for  this  decision.  (1)  Strong  electron  emission  had  been 

5 

reported  in  December  1975  for  patterned  ITO  films  following  the  iden- 
tical activation  process  used  for  SnOv  films. The  ITO  emission  cur- 
rent, however,  was  reported  to  be  an  order  of  magnitude  larger  than  ob- 
served for  SnO^  at  comparable  film  currents  (1  mA  of  emission  with  only 
10  mA  film  current).  (2)  In  addition,  only  very  low  anode  voltages 
(~300V)  were  used  with  relatively  large  anode-to-emitter  spacings  (~2 
cm).  Thus,  even  though  the  basic  physics  of  emission  for  ITO  and  SnOy 
was  probably  identical,  ITO  films  promised  to  be  more  technically  in- 
teresting. (3)  ITO  films  can  be  fabricated  by  sputter  deposition  rather 
than  by  CVD  as  was  the  case  for  Sn02 . Sputtering  is  by  far  the  easier 
method  and  is  expected  to  lead  to  emitters  with  more  reproducible  emis- 
f properties. 

It  should  be  stressed  at  this  point  that  it  was  never  our  intention 
in  undertaking  a research  program  on  SnO.^  and  related  oxides  to  fabri- 
cate cold -cathodes . In  the  case  of  SnO^ , no  capability  existed  at  Stan- 
ford to  reliably  form  and  pattern  CVD  SnO,,  films.  However,  since  sput- 
ter preparation  could  be  performed  at  Stanford,  the  possibility  existed 
for  in-house  preparation  of  ITO  emitters.  In  order  to  overcome  the  dif- 
ficulties mentioned  above  with  obtaining  SnO.,  samples,  we  have  fabricated 
ITO  samples  at  Stanford.  This  course  of  action  meant  that  less  time  and 
effort  could  be  spent  on  our  primary  task. 

A . Sample  Preparation 

The  ITO  films  were  RF  sputtered  onto  quartz  slide  substrates  from  a 
hot-pressed  ceramic  target.  The  sputtering  target  (obtained  from  Hasel- 
don  Company)  was  a sintered  mixture  of  9 parts  by  weight  In2°3  to 

1 part  Sn02  ponder.  With  a pressure  of  20  microns  argon  and  2.5  KV  on 
the  target,  a sputter  deposition  rate  of  ~4000  A/hour  was  obtained.  Typ- 
ical films  were  ~2000  A thick  and  highly  conducting,  i.e.,  resistivities 
-4 

were  ~ 4 x 10  f!-cm  as  measured  with  a four-point  probe.  Most  transparent 
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films  compares  favorably  with  literature  values  for  such  films. 

Two  approaches  were  used  in  an  attempt  to  produce  the  desired  pat- 
terns in  the  films,  viz  the  "h"  or  dumbell  pattern  employed  by  Elinson 

1.  2578 

et  al  and  subsequent  workers . ’ ’ ’ The  crossbar  or  neck  of  the  "h" 

has  dimensions  ~1  mm  long  by  ~ 0.1  mm  wide.  In  an  effort  to  follow  the 

5 

procedure  of  Hartwell  and  Fonstad , photolithography  was  tried  first. 

KTFR  photo-resist  was  spun  onto  the  ITO  film,  exposed  through  an  H-shaped 
mask,  and  developed  using  standard  procedures.  Unfortunately,  the  un- 
protected ITO  film  could  not  be  etched  off  using  the  recommended  sol- 

6 

vent — warm  oxalic  acid  solution,  0.1  molar  concentration.  2000  A thick 
ITO  films  did  not  even  dissolve  after  an  hour  in  0.3  molar,  boiling  ox- 
alic acid'.  Suitable  etchants  for  the  ITO  could  be  found,  such  as  hot 
HC1 , but  these  dissolved  the  KTFR  as  well  so  that  the  photolithographic 
approach  was  abandoned.  Acceptable  patterned  films  coul'1  be  formed, 
however,  by  sputtering  ITO  over  a carbon  mask.  For  this  procedure,  a 
1 mm  wide  vertical  stripe  of  Alkadag  (graphite  dissolved  in  alcohol)  was 
first  painted  onto  a clean  quartz  slide  and  a 0.1  mm  channel  cut  across 
the  vertical  stripe  (Fig.  1).  With  a little  practice,  this  could  read- 
ily be  done  by  hand  under  a binocular  microscope.  The  ITO  was  then  sput- 
tered over  the  carbon  mask.  After  dissolving  the  mask  in  alcohol,  the 
desired  H-shaped  ITO  film  on  quartz  remained. 

B.  Sample  Activation 

Procedures  for  activating  both  SnO  and  ITO  cathodes  have  been  re- 

1 2 5 y 8 

ported  in  detail  in  the  literature  ’ ’ ’ ’ and  were  followed  in  the 
present  work.  Basically,  a high-resistance  region  is  formed  in  the  neck 
by  subjecting  it  to  high  temperatures  and  electric  fields.  In  the  pres- 
ent work,  the  high-resistance  region  was  formed  in  the  following  manner: 

a voltage  V was  applied  across  the  film  and  increased  slowly.  For 
F 

V < 50  V (film  currents  I <50  mA),  the  current  I increased  in 
F ~ F ~ F 

an  ohmic  manner  accompanied  by  an  increase  in  film  temperature.  Ip  in- 
creased in  a nonlinear  manner  above  ~50mA,  and  by  100  mA  the  neck  glowed 
bright  orange  (temperature  > 600°C).  The  glow  abruptly  stopped  in  less 


4 


Fig.  1.  PROCEDURE  USED  TO  PATTERN  ITO  FILMS  IN  THE  "H-SHAPED"  CON- 
FIGURATION. 
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than  a minute  accompanied  by  an  equally  abrupt  decrease  in  I by  sev- 
eral orders  of  magnitude.  A typical  ITO  film  might  have  an  initial  re- 
sistance = 100  ft  and  a resistance  after  activation  R^.  = 10-100  Kf!. 

We  will  refer  to  ITO  films  which  have  been  subjected  to  the  above  acti- 
vation process  as  "activated"  regardless  of  their  cold-cathode  emission 
properties . 

Scanning  Electron  Microscope  (SEM)  photographs  of  an  activated  ITO 
film  (Ri  = 68  fi,  Rf  = 600  Kfl)  are  shown  in  Fig.  2.  The  jagged  break 
which  has  occurred  across  the  neck  is  clearly  seen  as  well  as  the  cracked 
appearance  of  the  film  on  either  side  of  the  break,  probably  the  result 
of  the  high  temperatures  present  in  the  neck  during  activation.  The  width 
of  the  break  is  ~5  microns.  From  the  2000X  SEM  photograph,  the  topog- 
raphy of  the  bottom  of  the  break  is  seen  to  be  rough  and  bumpy  rather 
than  smooth . 

C.  Sample  Emission 

The  emission  properties  of  activated  ITO  films  have  been  reported 

by  Hartwell  and  Ponstad  (HF).5  The  emitter  testing  circuit  we  used  was 

similar  to  that  used  by  HF  and  by  workers  who  have  reported  cold -cathode 
12  7 8 

emission  from  Sn02 . ’ ’ ' Figure  3 presents  a pictoral  schematic  of 

the  emitter  testing  circuit  which  was  placed  in  a diffusion-pumped  bell 
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jar  (pressure  < 5 x 10  torr).  Electrical  contacts  to  the  emitter  were 
made  with  silver  paste. 

In  contrast  to  the  strong  emission  reported  by  HF,  all  ITO  we  stud- 
ied were  extremely  poor  electron  emitters.  Most  failed  to  emit  at  all, 
while  those  that  did  emit  had  unstable  emission  currents  of  I ~ several 

Ei 

microamp  and  brief  lifetimes  of  several  minutes.  Parameters  such  as  the 
emitter-to-collector  spacing,  D,  and  anode  high  voltage  were  var- 

ied over  a wide  range  (D  = 0.5-2  cm,  = 300-1500  V)  with  little  or 
no  effect  on  emission.  Similar  results  were  obtained  by  workers  at  Ft. 

Monmouth  who  activated  ITO  samples  which  we  prepared  at  Stanford  and  mea- 

g 

sured  their  emission  properties.  This  argues  against  attributing  the 
poor  emission  performance  to  our  activation  or  measurement  techniques. 
Extensive  work  was  also  performed  on  ITO  films  kindly  prepared  and  sup- 
plied to  us  by  Prof.  C.  G.  Fonstad's  research  group  at  MIT,  the  workers 
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Fig.  2.  SEM  PHOTOGRAPHS  OF  THE  NECKED-DOWN  REGION  OF 
AN  ACTIVATED  ITO  CATHODE. 


FIr.  3.  SCHEMATIC  OF  THE  CIRCUIT  USED  TO  TEST  EMISSION  FROM  AC- 
TIVATED ITO  CATHODES. 


who  had  first  reported  strong,  cold-cathode  emission  from  such  films. 

The  emission  characteristics  of  these  samples  were  comparable  to  those 
fabricated  at  Stanford.  In  brief,  we  were  unable  to  confirm  the  earlier 
results  of  HF  that  strong  emission  (1  > 1 mA)  can  be  obtained  from 
ITO  films. 


IV.  AUGER  ELECTRON  SPECTROSCOPY  (AES) 

AES  is  a technique  which  is  particularly  well-suited  to  the  study 
of  either  SnO^  or  ITO  cold-cathodes.  There  are  two  ma.jor  reasons  for 
this:  (1)  The  prominent  Auger  transition  energies  for  Sn,  In,  and  0 

occur  between  350-550  eV.  Electrons  in  this  energy  range  can  be  emitted 
without  appreciable  energy  loss  from  electron-electron  scattering  only 
if  they  originate  in  the  first  few  monolayers  at  the  sample  surface. 
Hence,  with  AES  it  should  be  possible  to  characterize  the  emitter  sur- 
face and  measure  changes  in  surface  composition  which  might  occur  fol- 
lowing the  activation  process.  (2)  The  spatial  resolution  in  AES  is 
determined  by  the  primary  electron  beam  spot  size.  For  our  Varian  As- 
sociates AES  system,  spatial  resolution  is  >10  micron.  This  should  be 
sufficient  to  _>robe  the  necked-down  region  of  the  H-shaped  emitters 
(~1000  p x 100  p)  from  which  electron  emission  is  believed  to  occur  as 
well  as  the  "break"  which  occurs  in  the  neck  following  activation  (~  5 
p wide) . 

A . Sn02  and  In^O^ 

AES  studies  of  pure  powders  (99.999$)  of  Sn02  and  In2°3  were  first 
carried  out  to  aid  in  understanding  the  data  from  the  more  complex  sys- 
tem expected  in  ITO  films , In  Sn  0 . AES  spectra  for  SnO  and  In  0 

z—x  x y z z o 

are  shown  in  Fig.  4 and  5,  respectively.  Data  was  taken  on  a Varian  As- 
sociates high-resolution  Auger  spectrometer  employing  a single  pass  cy- 
lindrical mirror  analyzer  with  energy  resolution  £E/E  ~ 0.5$.  The  sam- 

+ 2 —5 

pies  were  cleaned  by  Ar  sputtering  (2.5  KeV,  30  pA/cm  , 5 X 10  torr 

of  Argon),  and  subsequent  AES  measurements  were  made  at  pressures  <2  x 

10  ^ torr.  Tlie  derivative  dN(E)/dE  = N' (E)  of  the  number  of  Auger 


Fig.  5.  AES  DERIVATIVE  SPECTRA  OF  HIGH-PURITY,  POWDERED 
Sn02. 
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electrons  N(E)  has  been  plotted  In  Figs.  4 and  5 as  a function  of 

their  energy  E.  The  N’ (E)  spectra  for  both  SnO^  and  In2°3  are  seen 

to  be  almost  identical.  Each  displays  a triplet  structure  peaked  at 

E ~ 510  eV  and  associated  with  the  0 KLL  transition.  The  structures 

associated  with  the  MNN  transitions  of  In  and  Sn  occur  at  E~396eV  and 

E ~ 422  eV,  respectively.  The  pronounced  doublet  structure  (separation 

~7.0  eV)  reflects  the  comparable  spin-orbit  splitting  of  the  initial  M 

level  (3d=  ,, -3d„  .„)  of  the  metal  atom.  Note  that  the  weaker  structure 
5/2  J/2 

for  In  0 occurs  at  the  same  energy  (422  eV)  as  the  dominant  Sn  peak  in 

2 »j 

SnO.j . This  must  be  taken  into  account  when  determining  the  strength  of 
the  Sn  signal  in  ITO  samples  from  the  peak-to-peak  height  of  Sn  struc- 
ture at  422  eV . We  see  from  Fig.  5 that  the  peak-to-peak  height  ratio 

(PP11K)  of  the  weak  structure  in  ln„0  at  422  eV  to  the  main  peak  at  396 

-2  J 

eV  is  only  about  2 x 10  . For  In2C>3 , the  metal-to-oxygen  PPHR  deter- 

mined from  Fig.  5 is  1.2  while  for  Sn02  the  PPHR  = 1.5. 

H.  ITO 

In  Fig.  6,  we  present  an  N' (E)  spectrum  from  a typical  ITO  film 
(~2000  A thick)  sputtered  onto  quartz.  The  sample  was  sputter-cleaned 
by  Ar+  bombardment  in  situ  before  AES  analysis.  Contributions  from  SnOv 
and  In2°3  can  be  identified  in  N'(E).  If  we  subtract  out  the  contribu- 
tion from  ln203  to  the  structure  at  422  eV,  a PPHR  of  In(396  eV)/Sn(422 
eV)  = 47.5  is  obtained.  Assuming  each  metal  is  present  as  its  stoichi- 
ometric oxide,  Sn0„  and  In  0 , comparison  with  the  N'(E)  data  for  the 
2 2 0 

pure  powder  oxides  (Figs.  4 and  5)  yields  the  following  surface  composi- 
tion for  the  ITO  film:  85  atomic  % In2°3  anc*  Sn02 , which  is  inclose 

agreement  with  the  target  composition  of  83  atomic  $ In^O^  anc*  Sn0,( 
(i.e.,  90^  In2°3 » Sn02  by  weight).  However,  this  film  composition 
does  not  yield  the  measured  oxygen  peak-to-peak  height  in  Fig.  6,  which 
is  ~ 8^,  smaller  than  expected.  This  discrepancy  suggests  that  an  8 
atomic  % oxygen  deficiency  exists  in  the  ITO  films  (or  equivalently  an 
Si,  In  and/or  Sn  excess).  Deviation  from  stoichiometry  is  not  unexpected 
since  the  conduction  mechanism  in  these  highly  conducting  metal  oxides 
is  believed  to  arise  from  donor  electronic  levels  associated  with  excess 
interstitial  metal  and/or  oxygen  vacancies/0 
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C . Depth  Profiles 

AES  was  used  in  conjunction  with  simultaneous  Ar+  ion  sputtering 

so  that  chemical  depth  profiles  of  the  activated  ITO  films  could  be 

obtained.  As  layer  after  layer  of  the  sample  surface  is  sputtered  away 

by  the  Ar+  beam,  the  composition  of  the  layers  are  analyzed  by  AES.  In 

this  manner,  changes  in  composition  which  might  have  observed  following 

activation  could  be  observed  as  a function  of  depth  into  the  ITO  sample. 

The  sputter  rate  for  ITO  was  determined  by  sputtering  through  an  ITO 

sample  of  known  thickness  (measured  using  a quartz  crystal  thickness 

monitor  during  sample  deposition).  In  Fig.  7,  we  present  a calibration 

depth  profile  curve  made  for  a 690  A thick  ITO  film  on  quartz.  The 

strength  of  the  In  Auger  peak  at  396  eV  (i.e.,  its  peak-to-peak  height 

in  the  N'(E)  spectrum)  has  been  plotted  versus  sputtering  time  for  1 
+ 2 

KeV  Ar  ions,  25  pA/cm  . Initially,  the  In  signal  increases  as  surface 
contamination  is  removed,  then  levels  off  and,  after  ~25  minutes,  sharp- 
ly decreases  when  the  ITO/SiO^  interface  region  has  been  reached.  Based 
on  the  width  of  the  depth  profile  curve,  we  calculate  that  for  1 KeV  Ar+ 
the  sputtering  rate  of  ITO  is  ~1.1  A/min-uA/cm^ . 

1 . The  Effect  of  Temperature  and  Electric  Field 

It  is  reasonable  to  suppose,  as  has  been  suggested,1  that  both 
high  temperature  and  high  electric  fields  in  the  necked-down  region  play 
a role  in  the  activation  process.  Since  typical  currents  drawn  are  ~150 

o 6 , 2 

mA  and  film  thickness  ~1500  A,  current  densities  in  excess  of  10  A/cm 
are  expected  to  occur  in  a 0.1  mm  wide  neck.  This  gives  rise  to  extreme 
joule  heating  in  the  neck  and,  in  fact,  temperatures  >800°C  have  been 
reported.  Since  the  break  which  forms  across  the  neck  during  activation 
has  width  ~5p,  we  expect  electric  fields  on  the  order  of  100  V/5  p = 

5 

2 X 10  V/cm  to  be. characteristic  of  the  activation  process. 

In  order  to  determine  the  effect  of  high  temperature,  depth 
profiles  of  Sn , In  and  0 were  performed  on  ITO  films  which  had  been  an- 
nealed in  at  temperatures  between  room  temperature  and  600 °C.  No 
change  in  composition  could  be  detected  in  the  region  probed — from  the 
surface  to  ~ 300  A into  the  bulk. 
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•,  We  have  some  evidence,  however,  that  the  effect  of  temperature 
and  electric  field  results  in  a surface  composition  different  from  the 
bulk.  In  Fig.  8 is  shown  the  chemical  depth  profile  of  an  ITO  film  which 
had  been  annealed  at  ~200°C  in  the  presence  of  an  E field  of  15  kV/cm 
normal  to  and  directed  away  from  the  surface.  If  there  are  mobile  posi- 
tive ions  in  the  sample,  these  ions  could  undergo  a field-assisted  diffu- 
sion to  the  surface.  From  Fig.  8,  we  see  that  the  depth  profiles  of  In 
and  0 are  constant,  while  the  Sn  signal  decreases  by  ~10  within  ~40  A 
of  the  surface.  This  effect  cannot  be  due  to  the  removal  of  surface  con- 
tamination which  is  expected  to  increase  the  signal  from  the  underlying, 
clean  layers.  Unfortunately,  time  did  not  permit  this  experiment  to  be 
repeated  or  tried  at  higher  annealing  temperatures  (~800°C)  character- 
istic of  the  activation  conditions.  Therefore,  we  choose  to  regard  the 
observed  surface  enrichment  of  Sn  as  a tentative  result.  Although  not 
known  for  sure,  the  mechanism  of  electrical  conduction  in  ITO  films  is 
believed  to  result  from  electronic  donor  levels  associated  with  inter- 
stitial metal  ions  and/or  oxygen  vacancies!'*  (In  SnO^  emitters  the  lev- 
els of  donor  impurities  such  as  Sb  must  be  considered  as  well.)  Since 
the  diffusion  coefficient  of  interstitial  Sn+  in  ITO  is  not  known,  we 
were  unable  to  determine  whether  the  magnitude  of  the  observed  Sn  segre- 
gation seen  in  Fig.  8 is  consistent  with  field-assisted  diffusion  at 
200°C  and  15  KV/cm.  In  any  event,  if  the  surface  segregation  is  a real 
effect,  we  expect  it  to  be  even  more  pronounced  during  the  activation 
process  in  which  temperatures  (~800°C)  and  E?  fields  (>200  KV/cm)  are 
significantly  larger.  This  assumes,  of  course,  that  some  component  of 
the  E?  field  is  directed  toward  the  surface. 

2 . The  Necked-Down  Region 

The  strength  of  the  Sn  signal  at  the  center  of  the  necked -down 
region  was  monitored  as  a function  of  depth  sputtered  into  the  sample 
for  five  ITO  films  fabricated  and  activated  at  Stanford.  The  spot  size 
of  the  electron  beam  used  in  AES  was  probably  ~ 20  p so  that  the  5p  wide 
break  in  the  neck  as  well  as  the  immediate  surrounding  area  has  been 
probed.  As  can  be  seen  from  Fig.  9,  the  Sn  concentration  for  this  sam- 
ple decreases  exponentially  with  depth.  In  fact,  the  Sn  concentration 
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Fig.  8.  CHEMICAL  DEPTH  PROFILES  OF  In,  Sn , AND  O FOR  AN 
ITO  FILM  WHICH  WAS  ANNEALED  AT  200 °C  IN  A 15  KV/cm 
ELECTRIC  FIELD  NORMAL  TO  THE  SURFACE.  The  vertical 
scales  are  not  the  same  for  each  element. 
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for  each  of  the  five  samples  was  found  to  fall  off  as  e . For  com- 
parison, the  Sn  signal  from  the  extremities  of  the  neck  (where  the  com- 
position was  the  same  as  before  activation)  has  been  shown.  We  see  that 
after  activation  the  Sn  is  more  highly  concentrated  at  the  surface;  how- 
ever, this  concentration  drops  quickly  with  distance  into  the  sample.  It 
is  instructive  to  plot  the  value  of  X appropriate  to  each  sample 
against  the  resistance  R of  the  sample  after  activation.  The  sample 
resistance  is  determined  by  the  resistance  of  the  necked-down  region 
since  the  remainder  of  the  film  is  highly  conducting  and  in  series  with 
the  highly  resistive  neck.  The  resistance  of  each  sample  was  approxi- 
mately the  same  before  activation.  We  see  from  Fig.  10  that  In  R^.  vs 
is  a straight  line.  Hence,  there  appears  to  be  a strong  correlation 
between  the  distribution  of  Sn  and  the  high  resistance  of  the  necked- 
down  region,  this  high  resistance  being  a characteristic  feature  of  all 
SnO.  and  ITO  cold-cathode  emitters. 


V.  THE  Sn02/IT0  DATA  BASE 

From  the  published  literature,  it  is  difficult  to  evaluate  the  per- 
formance or  potential  of  cold-cathodes  based  on  Sn09  or  ITO.  There  are 
several  reasons  for  this.  In  the  first  place,  the  literature  is  quite 
limited  in  the  number  of  articles.  In  addition,  reports  are  sometimes 
contradictory.  For  example,  the  Russian  workers  who  first  reported  emis- 
sion from  SnO^  later  published  emission  currents  over  two  orders  of  mag- 
nitude lower  but  made  no  mention  of  this  discrepancy  with  the  earlier 
1 2 

dramatic  results.  ’ Critical  information  is  sometimes  left  out.  For 

5 

example,  the  report  of  high  emission  from  ITO  films  did  not  mention 

12 

that  emitter  lifetimes  were  brief,  on  the  order  of  hours.  It  is  often 
difficult  to  compare  the  results  of  different  workers  when  the  methods 
used  to  fabricate  the  emitters  (CVD,  evaporation,  sputtering)  and  the 
conditions  under  which  activation  occurred  differ.  Most  distressing, 
private  correspondence  has  revealed  that  the  strong  electron  emission 
first  reported  could  not,  in  some  cases,  be  reproduced  in  later  exper- 
iments. One  example  is  the  work  of  John  Mize,  Beta  Industries,  on  SnOQ 

g 

cathodes  and  cathode  arrays.  The  best  cathodes  made  (so-called  high 
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Fig.  9.  CHEMICAL  DEPTH  PROFILE  OF  Sn  IN  THE  NECKED-DOWN 
REGION  OF  AN  ACTIVATED  ITO  FILM.  There  is  an  enrichment 
of  Sn  at  the  surface  compared  with  the  Sn  level  before 
activation.  The  concentration  falls  off  exponentially 
with  distance  into  the  film. 
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Fig.  10.  THE  FINAL  RESISTANCE  Rf  OF  SEVERAL  ACTIVATED  ITO 
CATHODES  IS  PLOTTED  AGAINST  THE  PARAMETER  A,  DETERMINED 
FOR  EACH  CATHODE  FROM  A CHEMICAL  DEPTH  PROFILE  PLOT  AS  IN 
FIG.  9 FOR  CATHODE  A-l . 


voltage"  cathodes  because  of  the  high  activation  voltages  -100  V)  had 

I > 600  pA  and  efficiencies  of  l/l  ~ 60'.  As  we  understand  it, 

E ~ E . F 

these  encouraging  results  were  the  exception  rather  than  the  rule  and 

could  not  be  duplicated  after  1974.  More  typical  emission  parameters 

would  be  I ~ 20  pA,  and  I /I  < 1$.  At  MIT,  Leslie  Wong  (a  gradu- 
E E F 

ate  student  under  Prof.  C.  G.  Fonstad)  has  been  unable  to  reproduce  the 
earlier  dramatic  results  of  Mike  Hartwell  although  she  is  using  essen- 
tially the  same  equipment  and  techniques  for  fabrication,  patterning, 

and  activating  the  IT0  films.  Peak  emission  currents  of  only  ~10  pA 
13 

were  obtained.  At  Stanford,  we  have  also  activated  and  measured 
emission  from  IT0  films  prepared  and  supplied  to  us  by  Leslie  Wong  with 
similar  results.  Unfortunately,  none  of  the  earlier  ITO  films  which 
exhibited  such  large  emission  could  be  obtained  from  MIT  for  Auger  an- 
alysis at  Stanford. 

It  is  clear  that  without  a reliable  data  base,  decisions  on  the 
future  support  and/or  direction  of  cold-cathode  research  cannot  be  made. 
Based  on  a consideration  of  all  the  information  available  to  us,  we  feel 
the  following  statements  are  realistic. 


(1)  Cold-cathodes  can  be  formed  from  SnC>2  (either  CVD  or 
evaporated)  and  from  sputtered  ITO  films. 

(2)  Large  emission  currents  (500  pA-1  mA)  and/or  efficien- 
cies > 50$  are  the  exception  rather  than  the  rule  and 
have  not  been  reproduced  by  the  workers  who  have  re- 
ported them.  This  is  not  to  say  that  these  results 
cannot  be  obtained  again. 

(3)  Emission  currents  of  10-100  pA  and  efficiencies  of  1- 

10$  are  representative  at  film  voltages  V ~ 100  V. 

F 

(4)  Activation  and  the  subsequent  emission  is  associated 
with  the  formation  of  a high-resistance  region  (in  H- 
shaped  samples,  a 2-25  p wide  break  across  the  neck) 
probably  through  the  combined  action  of  high  tempera- 
ture and  electric  fields. 


VI.  DISCUSSION 

The  increased  concentration  of  Sn  found  at  the  sample  surface  fol- 
lowing activation  and  the  exponential  fall-off  (~e  x^)  into  the  bulk 
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is  strongly  suggestive  of  thermal  diffusion.  The  different  depth-pro- 
files of  Sn  measured  after  activation  would  then  be  associated  with 
different  time-temperature  profiles  during  activation.  It  is  difficult 
to  pursue  this  argument  in  a quantitative  way  since  the  diffusion  coef- 
ficient of  Sn  in  SnC>2  or  ITO  is  not  known  and  because  the  time-tempera- 
ture profile  during  activation  were  not  measured.  It  may,  however,  be 
possible  to  relate  time  and  temperature  during  activation.  Consider  the 

following  model  for  the  activation  process.  The  resistivity  of  SnOv  and 
AE/kT 

ITO  films  ~e“  , where  AE  is  the  activation  energy  for  electronic 

conduction.  In  the  case  of  SnOt>  doped  with  Sb,  /'E  would  represent  the 

energy  to  raise  an  electron  from  an  Sb  donor  level  to  the  conduction 

band.  In  ITO,  the  donor  levels  would  probably  be  associated  with  oxygen 

vacancies  and/or  interstitial  metal  cations.  As  current  flows  through 

2 

the  neck  at  a fixed  voltage,  I R losses  increase  the  temperature  and 
„ __  .AE/kT  4 T 


lienee  decrease  R as  e 


. This  increases  I which  leads  in  turn 


to  even  more  carriers  being  thermally  generated.  This  thermal  runaway 
would  explain  the  rapid  exponential  rise  in  current  and  temperature  with 
time  which  is  observed  when  the  activation  voltage  has  been  reached. 

When  sufficient  energy  has  been  dumped  into  the  necked-down  region,  the 
break  occurs  and  R drops  to  a value  associated  with  the  conduction 
mechanism  appropriate  in  the  break.  If  this  explanation  is  basically 
correct,  the  dependence  of  temperature  on  time  would  be  determined  pri- 
marily by  the  conduction  mechanism  in  the  film  and  material  parameters 
such  as  the  thermal  conductivity,  melting  point,  etc. 

The  observation  of  surface  enrichment  of  Sn  in  the  Sn-C>2  system  is 
not  without  precedent.  As  mentioned  earlier  (Part  II),  our  previous 
photoemission  measurements  of  C>2  chemisorption  on  evaporated  Sn  strongly 
suggest  that  the  surface  remained  metallic  even  after  saturation  expo- 
sures to  C>2  (>4000L).  It  is  well  known  that  SnC>2 , In2°3»  and  related 
oxides  such  as  ZnO  are  almost  never  found  to  have  perfect  stoichiometry 
but  instead  contain  an  excess  of  metal.  Under  the  extreme  nonequilibri- 
um conditions  of  activation,  some  of  this  metal  could  have  diffused  to 
the  surface  and  remained.  As  the  photoemission  results  indicate,  there 
can  exist  conditions  under  which  the  surface  segregation  of  Sn  in  SnO 


is  the  energetically  favored  configuration. 
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Our  preliminary  results  on  the  combined  effect  of  temperature  and 
electric  field  indicate  that  migration  of  Sn  in  ITO  films  is  facilitated 
by  the  application  of  an  E?  field  along  the  direction  of  migration.  If 
this  effect  contributes  to  the  build-up  of  Sn  at  the  sample  surface  ob- 
served following  activation,  then  the  geometry  of  the  break  as  it  forms 
is  probably  such  that  E fields  exist  which  on  the  average  are  directed 
toward  the  surface.  If  the  net  E*  field  were  directed  toward  the  sur- 
face, a preferential  diffusion  of  Sn  along  the  net  field  and  toward  the 
surface  would  occur. 

In  Fig.  10,  we  showed  that  the  resistance  of  the  high-resis- 

tance region  correlated  with  the  depth  profile  of  Sn , viz,  In  Rf  <*  -A. 
This  is  difficult  to  understand.  The  dc  conductivity  « N,  the  total 
number  of  electronic  carriers,  so  that  R « 1/N.  Now  the  amount  of  Sn, 
and  therefore  the  number  of  carriers  associated  with  the  presence  of  Sn 

A 

in  ITO,  « / e « 1/A.  We  then  expect  « 1/A  or  In  Rf  « -in  A, 

instead  of  In  R^  « -A,  as  found.  It  should  also  be  kept  in  mind  when 
considering  the  possible  effect  of  Sn  on  the  final  resistance  of  the 
sample  that  the  surface  regions  are  far  from  rich  in  Sn . We  estimate 
that  the  surface  of  the  necked-down  region  could  have  been  enriched  to 
only  about  20$  Sn  over  the  preactivation  value  of  10$. 

Regardless  of  the  details  of  Sn  migration,  it  is  difficult  to  see 
how  this  could  have  increased  the  resistance  of  the  fil  after  activa- 
tion— and  by  as  much  as  three  orders  of  magnitude!  If  the  films  were 
continuous,  one  expects  that  the  surface  region  after  activation,  now 
richer  in  Sn,  would  be  more  conducting  than  before,  even  if  the  bulk  of 
the  sample  were  driven  highly  resistive  by  the  activation  process.  What 
then  is  the  origin  of  the  high-resistivity  region  which  is  a character- 
istic of  all  reported  emitting  samples,  either  Sn0o  or  ITO? 

In  order  to  arrive  at  a plausible  explanation  of  the  phenomenon,  we 
have  tried  to  take  into  account  all  tne  available  data — not  .lust  our  own 
for  which  information  on  emitting  samples  is  limited. 

In  order  to  Investigate  the  conductivity  mechanism  following  acti- 
vation, we  have  replotted  I vs  V data  obtained  by  John  Mize  for 
8a  F F 2 

CVD-Sn0o  emitters  as  Fowler-Nordheim  (FN)  plots,  i.e.,  as  I /V  vs 
Z hi* 

1/V  . In  Fig.  11,  data  from  Ref.  8a,  p.  42,  has  been  replotted  in  this 
Jr 
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Fig.  11.  POWLER-NORDHE IM  PLOT  OF  FILM  CURRENT,  Ip,  AND  FILM 
VOLTAGE,  VF,  FROM  THE  DATA  OF  J.  MIZE.  The  linear  plot 
suggests  that  the  conduction  mechanism  in  Sn02  after  acti- 
vation is  field-assisted  tunneling. 
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way  and  is  seen  to  be  linear.  FN  plots  of  other  emitters  (Hef.  Wa  , pp. 

39-44)  were  also  linear.  This  is  in  agreement  with  results  obtained  by 

2 

Russian  workers  for  CVD-SnC>2  emitters.  When  a metal  is  placed  in  a 

strong  external  electric  field,  E,  the  potential  outside  the  metal  is 

altered  so  that  quantum  mechanical  tunneling  of  electrons  outside  the 

metal  becomes  possible.  The  resulting  electron  current  in  the  presence 

2 -B/E 

of  the  field  E obeys  the  FN  relation,  i.e.,  I « E e , where  B = 
4/3  ^2 m/e^-fi^  an(j  0 j^s  the  metal  work  function.1^  We  think  it 

likely  then  that  the  break  is  not  a continuous  film  but  is  instead  com- 
posed of  islands  of  the  starting  material  (either  ITO  or  SnC^)  that  are 
isolated  from  one  another  by  the  SiOv  substrate.  This  could  have  re- 
sulted from  localized  melting  of  the  film  during  activation  which  re- 
formed as  the  film  cooled.  Conduction  in  the  film  would  then  occur  from 

island  to  island  in  the  presence  of  the  strong  E*  field  set  up  across 
5—6 

the  break  (10  V/cm).  This  view  has  also  been  presented  by  Russian 
2 

workers.  The  increase  in  Sn  at  the  surface  of  the  islands  could  lower 
the  work  function  at  the  surface  and  thus  enhance  the  tunneling  current 
and/or  concentrate  current  flow  at  the  surface,  increasing  emission 
probability. 

Indirect  support  for  this  model  comes  from  the  observation  by  Jap- 
anese workers  of  self-sustained  emission  (SSE)  from  the  necked-down  re- 

7 

gion  of  Sn02  emitters.  That  is,  once  an  emission  current  was  estab- 
lished, it  continued  even  in  the  absence  of  a voltage  applied  across  the 
film.  This  effect  has  also  been  reported  in  AlgO  and  MgO  films  under 
electron  bombardment.  ’ The  explanation  was  that  the  insulating  film 
surface  charged  up  positively  as  emission  current  was  drawn  off  the  sam- 
ple to  the  anode.  A strong  E?  field  was  then  established  at  the  film 
surface  which  could  accelerate  electrons  from  the  bulk,  subsequently 
creating  an  avalanche  of  secondary  electrons.  Critical  to  the  occurence 
of  SSE  was  that  the  film  be  rough  so  that  electrons  could  come  from  deep 
within  the  film  and  suffer  sufficient  secondary-producing  collisions  in 
transit  to  the  surface.  The  rough,  island-nature  of  the  break  which  we 
have  proposed  satisfies  this  criterion  for  SSE. 

The  flow  of  field -emission  current  (tunneling  current)  is  along  the 
film  and  is  expected  to  be  greater  along  the  surface  because  of  the 
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metallic  enrichment  there.  In  the  presence  of  a strong  collecting  field, 
however,  some  electrons  could  follow  field  lines  to  the  anode  and  be  col- 
lected (see  Fig.  12).  Hence,  for  a fixed  collector  voltage,  the  shape  of 

the  I - V curves  for  I and  I should  be  nearly  identical.  A rise 
F E r 

in  current  along  the  film  should  give  rise  to  a proportional  increase  in 
the  number  of  electrons  which  can  be  diverted  to  the  anode.  The  assump- 
tion is  that  the  collector  is  biased  sufficiently  positive  so  that  the 
energy  of  the  electrons  does  not  play  a significant  role  in  their  collec- 


tion probability.  In  fact,  I and  I do  track  one  another  at  low 

E F 

voltages  (V  < 60  V),  as  can  be  seen  in  either  the  work  of  John  Mize 

F ~ 2 
(Ref.  Ha,  pp.  34-44,  54-58)  or  of  Russian  workers.  However,  as  voltage 

V is  increased  above  ~80V,  I increases  far  more  rapidly  than  I . 

F E F 

It  has  been  suggested  that  secondary  electrons,  produced  when  field- 

emitted  electrons  collide  with  the  edge  of  the  gap,  could  also  contrib- 

2 

ute  significantly  to  the  emission  current  at  higher  voltages.  This,  of 
course,  would  be  true  only  when  the  secondary  yield  is  large.  Without  a 
knowledge  of  the  secondary  yield  of  SnC>2  or  ITO  as  a function  of  elec- 
tron energy,  this  possibility  cannot  be  ruled  out. 

Such  a mechanism  could  explain  in  part  the  short  lifetimes  of  many 
SnO  cold-cathodes  when  operated  at  higher  voltages.  Since  SnO  is  not 

6 a 

refractory,  prolonged  primary  electron  bombardment  could  result  in  the 
chemical  and/or  physical  deterioration  of  the  edge  of  the  gap.  This 
would  result  in  a reduction  of  the  secondary  emission  current  with  time. 

VII.  SUMMARY  | 

Based  on  our  present  work  and  all  other  research  on  SnO,,  and  ITO 
cold-cathode  emission  of  which  we  are  aware,  the  following  model  for  the 
activation  and  emission  process  is  put  forth. 

Activation  is  initiated  by  producing  a thermal  runaway  condition  in 
a localized  area  of  the  film.  As  the  temperature  increases  from  joule 
heating,  the  number  of  current  carriers  increases  exponentially,  further 
raising  the  temperature.  When  sufficient  energy  has  been  dumped  into 
this  small  area,  the  film  (through  melting?)  ruptures,  producing  a break 
of  width  ~2-20  p composed  of  islands  whose  surface  is  slightly  enriched 
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Fig.  12.  ELECTRIC  FIELD  PLOT  FOR  AN  ACTIVATED  ITO  OR  Sn02  FILM  AFTER 
ACTIVATION  BASED  ON  THE  MODEL  WE  HAVE  PROPOSED.  The  necked -down 
region  consists  of  islands  of  ITO  or  Sn02 , separated  by  the  insu- 
lating Si02  substrate,  and  whose  surface  has  been  enriched  in  Sn . 

A similar  model  has  been  proposed  by  the  workers  of  Ref.  2. 
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in  Sn . Conduction  across  the  break  is  by  field-emission,  i.e.,  by  inter- 
island tunneling  made  probable  in  the  strong  electric  fields  which  are 

5~6 

set  up  across  the  break  (~10  V/cm).  The  lower  work  function  of  the 
Sn-enriched  surface  increases  field -emission  probability  and  concentrates 
current  flow  near  the  surface  of  the  film.  Emission  then  consists  in 
diverting  a fraction  of  this  tunneling  current  which  flows  along  the 
film  surface  to  the  positive  anode.  At  high  film  voltages  (V  > 100  V) 

r *** 

we  cannot  rule  out  the  possibility  of  secondary  emission  from  electrons 
which  collide  with  the  positive  edge  of  the  break.  This  may  explain  in 
part  the  short  lifetimes  of  many  SnC>2  cold-cathodes  at  higher  operating 
voltages . 

We  stress  that  the  above  model  is  tentative;  however,  it  is  consis- 
tent with  much  of  the  data — e .g . , the  Fowler-Nordheim  behavior  of  I vs 

F 

V , the  similar  shape  of  I and  I at  low  V , the  phenomenon  of 
F E F F 

SSE  observed  from  the  break,  the  AES  depth  profiles  we  have  taken,  SEM 
photographs  of  the  break,  etc.  Support  also  comes  from  independent  stud- 
ies done  at  Ft.  Monmouth  in  which  the  neck  of  activated  SnOv  cathodes 
displayed  a webb-like  structure  in  a SnO^  matrix  (see  Fig.  13).  The  webb 

consisted  of  channels  which  extended  down  to  the  SiO  substrate  and  whose 

17  ^ 

edges  were  rich  in  Sn.  This  is  in  addition  to  the  usual  break  which 
formed  after  activation.  Put  another  way,  the  webbed  region  of  the  films 
consisted  of  islands  of  SnC>2  whose  edges  were  enriched  with  Sn . These 
islands  could  contribute  to  the  emission  current. 

An  important  question  which  remains  unanswered  regarding  the  phe- 
nomenon of  cold-cathode  emission  is:  what  is  so  special  about  SnC>2  and 

ITO?  In  view  of  the  proposed  model,  their  most  important  characteristic 
is  probably  that  they  are  both  metal-excess  semiconductors.  This  leads 
not  only  to  the  exponential  thermal  runaway  during  activation  but  to  the 
metallic  enhancement  of  the  surface  following  activation.  Likely  candi- 
dates for  cold-cathode  emitters  would  then  be  thin  films  of  metal -excess 
semiconductors  (which  tend  to  be  metal  oxides)  such  as  ZnO  and  Ti02> 
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Fig.  13.  THE  PRESENCE  OF  WEB-LIKE  STRUCTURES  EXTENDING  FROM  THE 
BREAK  IN  THE  NECKED-DOWN  REGION  TOWARD  THE  NEGATIVE  ELECTRODE  HAS 
BEEN  FOUND  BY  WORKERS  AT  FT.  MONMOUTH  (REF.  17)  IN  ACTIVATED  Sn02 
FILMS.  The  web  consisted  of  channels  which  extended  down  to  the 
SiOg  substrate  but  whose  edges  were  rich  in  Sn . 


VIII.  RECOMMENDAT IONS 


I 


A characteristic  feature  of  research  into  the  cold-cathode  emission 
properties  of  SnO.,  and  ITO  has  been  the  failure  to  obtain  consistent  re- 
sults. Optimistic  reports  of  quality  cathode  performance  have  turned  out 

2,5,8 

in  at  least  three  cases  not  to  be  reproducible.  In  our  own  efforts, 

this  was  particularly  distressing.  We  had  invested  over  a year  laying 
the  experimental  groundwork  and  building  appropriate  equipment  to  analyze 
SnO,^  emitters  only  to  find  out  that  the  attractive  emission,  on  which  our 
involvement  in  the  project  was  based,  could  not  be  reproduced.  As  dis- 
cussed earlier,  we  next  directed  our  efforts  at  ITO  since  such  strong 

5 

emission  had  been  reported.  It  had  never  been  our  intention  in  propos- 
ing this  work  to  fabricate  cold-cathode  emitters,  and  quite  a bit  of  ef- 
fort was  used  up  in  acquiring  the  necessary  skills — how  to  sputter  con- 
ductive ITO  films,  how  to  pattern  and  metallize  the  films,  etc.  To  our 
disappointment,  we  never  were  able  to  get  satisfactory  emission  from  the 
ITO  films  we  fabricated.  Shortly  before  our  contract  terminated,  we 
learned  that  we  were  not  alone.  The  workers  who  first  reported  strong 
emission  from  ITO  could  not  reproduce  their  own  results.  This  is  not  to 
say  that  the  earlier  reports  were  in  error.  Whether  a satisfactory  emit- 
ting region  can  be  formed  in  the  cathode  may  depend  critically  on  some 
film  property  that  was  not  measured  and  therefore  was  not  controlled  dur- 
ing sample  fabrication  and  activation. 

Based  on  our  experiences  in  this  program,  the  following  recommenda- 
tions are  made. 

(1)  There  seems  little  doubt  that  cold-cathode  emission  (~10 
mA)  can  be  obtained  from  activated  Sn02  and  ITO.  We  also 
feel  that  reasonable  progress  may  have  been  made  toward 

a theoretical  model  for  the  activation  and  emission  pro- 
cess. However,  a major  technical  effort  will  be  required 
if  strong,  reproducible  emission  is  to  be  obtained. 

(2)  Emphasis  in  such  a program  should  be  on  (a)  controlling 
the  activation  process — That  is,  assuming  our  model  is 
correct,  controlling  the  distribution,  size,  and  proper- 
ties of  the  islands  in  the  break  to  optimize  emission  and 
emitter  lifetime.  The  present  activation  technique  is 
totally  hit-or-miss  and  unacceptable — (b)  gaining  an  un- 
derstanding and  control  of  the  factors  which  influence 
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the  physical  and  electrical  properties  of  the  materials 
employed  as  cathodes  and  which  ultimately  influence  the 
performance  of  the  cathodes.  Unfortunately,  we  cannot 
rule  out  fundamental  physical  reasons  why  results  have 
not  been  reproducible,  so  that  such  a program  has  no 
guarantee  of  success  . 

(3)  Since  many  of  our  own  problems  were  caused  by  the  fail- 
ure of  others  to  communicate  their  results  to  us,  this 
program  might  best  be  conducted  at  one  research  facil- 
ity. A 3-year  program  with  a total  budget  of  ~ $10®  is 
probably  the  minimum  investment  needed  to  do  any  mean- 
ingful work  in  this  area. 

(4)  Whether  or  not  such  a program  should  be  undertaken  can 
not  be  decided  until  some  essential  groundwork  is  done 
to  determine  if  these  cathodes  can  be  economically  in- 
corporated into  existing  devices.  Measurements  of  the 
spatial  and  energy  spread  of  emitted  electrons  (even 
from  poor  emitters)  should  have  a high  priority  before 
a decision  is  reached. 
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